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(57) ABSTRACT

Disclosed herein are methods for extracting a kerogen-based
product from subsurface shale formations. The methods uti-
lize in-situ reaction of kerogen involving liquid phase chem-
istry at ambient temperatures at pressures for the subsurface
shale formation. These methods rely on chemically modify-
ing the shale-bound kerogen to render it mobile using metal
particulate catalysts. In the methods disclosed herein a fluid
comprising metal is provided to the subsurface shale forma-
tion comprising kerogen in an inorganic matrix. A reducing
agent is provided to the subsurface shale formation. The
kerogen is converted by contacting the kerogen with a metal
particulate catalyst formed from the metal; and a mobile
kerogen-based product is formed. At least a portion of the
mobile kerogen-based product is recovered. The kerogen-
derived product can be upgraded to provide commercial prod-
ucts.

50 Claims, 1 Drawing Sheet
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1
PREPARATION AND USE OF
NANO-CATALYSTS FOR IN-SITU REACTION
WITH KEROGEN

RELATED APPLICATIONS

The subject application is related to U.S. Provisional
Application Ser. No. 61/426,340, filed Dec. 22, 2010. This
application is also related to U.S. application Ser. No. 13/335,
409, entitled “In-Situ Kerogen Conversion and Recovery”
filed Dec. 22, 2011; U.S. application Ser. No. 13/335,525,
entitled “In-Situ Kerogen Conversion and Product Isolation”
filed Dec. 22, 2011; U.S. application Ser. No. 13/335,607,
entitled “In-Situ Kerogen Conversion and Upgrading” filed
Dec. 22,2011; U.S. application Ser. No. 13/335,673, entitled
“In-Situ Kerogen Conversion and Recycling” filed Dec. 22,
2011; and U.S. application Ser. No. 13/335,195, entitled
“Preconditioning a Subsurface Shale Formation by removing
Extractible Organics™ filed Dec. 22, 2011. The contents of all
of these related applications are incorporated herein by ref-
erence in their entirety.

BACKGROUND

If proponents of Hubbert peak theory are correct, world oil
production will soon peak, if it has not done so already.
Regardless, world energy consumption continues to rise at a
rate that outpaces new oil discoveries. As a result, alternative
sources of energy must be developed, as well as new tech-
nologies for maximizing the production and efficient con-
sumption of oil. See T. Mast, Over a Barrel: A Simple Guide
to the Oil Shortage, Greenleaf Book Group, Austin, Tex.,
2005.

A particularly attractive alternative source of energy is oil
shale, the attractiveness stemming primarily from the fact that
oil can be “extracted” from the shale and subsequently refined
in a manner much like that of crude oil. Technologies involv-
ing the extraction, however, must be further developed before
oil shale becomes a commercially-viable source of energy.
See J. T. Bartis et al, Oil Shale Development in the United
States: Prospects and Policy Issues, RAND Corporation,
Arlington, Va., 2005.

The largest known deposits of oil shale are found in the
Green River Formation, which covers portions of Colorado,
Utah, and Wyoming. Estimates on the amount of recoverable
oil from the Green River Formation deposits are as high as 1.1
trillion barrels of oil—almost four times the proven oil
reserves of Saudi Arabia. At current U.S. consumption levels
(~20 million barrels per day), these shale deposits could sus-
tain the U.S. for another 140 years (Bartis et al.) At the very
least, such shale resources could moderate the price of oil and
reduce U.S. dependence on foreign oil.

Oil shale typically consists of an inorganic component
(primarily carbonaceous material, i.e., a carbonate), an
organic component (kerogen) that can only be mobilized by
breaking the chemical bonds in the kerogen, and frequently a
second organic component (bitumen). Thermal treatment can
be employed to break (i.e., “crack”) the kerogen into smaller
hydrocarbon chains or fragments, which are gas or liquids
under retort conditions, and facilitate separation from the
inorganic material. This thermal treatment of the kerogen is
also known as “thermal upgrading” or “retorting,” and can be
done at either the surface or in situ, where in the latter case, the
fluids so formed are subsequently transported to the surface.

In some applications of surface retorting, the oil shale is
first mined or excavated, and once at the surface, the oil shale
is crushed and then heated (retorted) to complete the process
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of transforming the oil shale to a crude oil—sometimes
referred to as “shale oil.” See, e.g., Shuman et al., U.S. Pat.
No. 3,489,672. The crude oil is then shipped off to a refinery
where it typically requires additional processing steps (be-
yond that of traditional crude oil) prior to making finished
products such as gasoline, lubricant, etc. Note that various
chemical upgrading treatments can also be performed on the
shale prior to the retorting, See, e.g., So et al., U.S. Pat. No.
5,091,076.

A method for in situ retorting of carbonaceous deposits
such as oil shale has been described in Kvapil et al., U.S. Pat.
No. 4,162,808. In this method, shale is retorted in a series of
rubblized in situ retorts using combustion (in air) of carbon-
aceous material as a source of heat.

The Shell Oil Company has been developing new methods
that use electrical heating for the in situ upgrading of subsur-
face hydrocarbons, primarily in subsurface formations
located approximately 200 miles (320 km) west of Denver,
Colo. See, e.g., Vinegar et al., U.S. Pat. No. 7,121,342; and
Berchenko et al., U.S. Pat. No. 6,991,032. In such methods, a
heating element is lowered into a well and allowed to heat the
kerogen over a period of approximately four years, slowly
converting (upgrading) it into oils and gases, which are then
pumped to the surface. To obtain even heating, 15 to 25
heating holes could be drilled per acre. Additionally, a
ground-freezing technology to establish an underground bar-
rier around the perimeter of the extraction zone is also envi-
sioned to prevent groundwater from entering and the retorting
products from leaving. While the establishment of “freeze
walls” is an accepted practice in civil engineering, its appli-
cation to oil shale recovery still has unknown environmental
impacts. Additionally, the Shell approach is recognized as an
energy intensive process and requires a long timeframe to
establish production from the oil shale.

In view of the aforementioned limitations of the above
methods, simpler and more cost-effective methods of extract-
ing and upgrading kerogen from a subsurface shale formation
would be extremely useful.

SUMMARY OF THE INVENTION

The present invention is directed to processes for produc-
ing mobile products from the organic matter that occurs in
subsurface oil shale. Among other factors, these processes are
based on the discovery that kerogen in oil shale can be made
to react at temperatures below pyrolysis temperatures to pro-
duce mobile reaction products that can be removed from the
subsurface shale formation, recovered in surface facilities
and upgraded to produce useful products, refinery feedstocks,
fuel and lubricant blendstocks, reaction intermediates and the
like. The presently disclosed processes are more environmen-
tally benign, more economical, and more efficient in produc-
ing commercial products.

Disclosed herein is a process for extracting a kerogen-
based product from a subsurface shale formation comprising
kerogen in an inorganic matrix. The process comprises the
steps of: a) providing a fluid comprising metal to the subsur-
face shale formation comprising kerogen in an inorganic
matrix; b) providing a reducing agent to the subsurface shale
formation; c¢) converting the kerogen by contacting the kero-
gen with a metal particulate catalyst formed from the metal;
d) forming a mobile kerogen-based product; and e) recover-
ing at least a portion of the mobile kerogen-based product. In
the presently disclosed methods, the metal can be in the form
of'ionic metal, complexed metal, or encapsulated metal.

In a further embodiment disclosed herein is a process for
extracting a kerogen-based product from a subsurface shale
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formation comprising kerogen in an inorganic matrix. The
process comprises the steps of: a) providing a fluid compris-
ing at least one ionic metal to the subsurface shale formation
comprising kerogen in an inorganic matrix; b) contacting the
ionic metal with a reducing agent to form a metal particulate
catalyst; ¢) converting the kerogen by contacting the kerogen
with the metal particulate catalyst to form a mobile kerogen-
based product; and d) recovering at least a portion of the
mobile kerogen-based product.

Disclosed also is a process for extracting a kerogen-based
product from a subsurface shale formation comprising kero-
gen in an inorganic matrix comprising the steps of: a) provid-
ing a fluid comprising at least one ionic metal to the subsur-
face shale formation comprising kerogen in an inorganic
matrix; b) contacting the ionic metal with a first reducing
agent to form a metal particulate catalyst; ¢) converting the
kerogen by contacting the kerogen with the metal particulate
catalyst in the presence of a second reducing agent to form a
mobile kerogen-based product; and d) recovering at least a
portion of the mobile kerogen-based product.

In a further embodiment disclosed herein is a process for
extracting a kerogen-based product from a subsurface shale
formation comprising kerogen in an inorganic matrix. The
process comprises the steps of: a) extracting extractible
organics from the subsurface shale formation comprising
kerogen in an inorganic matrix; b) oxidizing the kerogen in
the subsurface shale formation; ¢) providing a fluid compris-
ing at least one ionic metal to the subsurface shale formation
comprising kerogen in an inorganic matrix; d) contacting the
ionic metal with a reducing agent to form a metal particulate
catalyst; e) converting the kerogen by contacting the kerogen
with the metal particulate catalyst to form a mobile kerogen-
based product; and f) recovering at least a portion of the
mobile kerogen-based product.

The metal and/or metal particulate catalysts are deposited
and/or adhere to the surface of the kerogen and the metal
particulate catalysts catalyze reactions creating mobile kero-
gen-based products.

BRIEF DESCRIPTION OF THE DRAWINGS

The FIGURE is a block diagram illustrating an exemplary
process for extracting a kerogen-based product from a sub-
surface shale formation using a metal particulate catalyst as
disclosed herein.

DETAILED DESCRIPTION OF THE INVENTION
Introduction

The present invention is directed to methods of extracting
a kerogen-based product from subsurface shale formation
comprising kerogen in an inorganic matrix. The methods rely
on chemically modifying the shale-bound kerogen to render it
mobile using metal particulate catalysts. The metal particu-
late catalysts surprisingly can be used for in-situ reaction of
kerogen to create mobile kerogen-based products. The metal
particulate catalysts are smaller than microscopic in scale.
Their small size is important in their utility in the methods
disclosed herein. The present invention is also directed to
systems for implementing such methods.

The reducing agent can be selected from the group consist-
ing of hydrogen, hydrazine, sodium borohydride (NaBH,),
hydrogen donor solvents, and mixtures thereof. The hydrogen
donor solvents can be selected from the group consisting of
decalin, tetralin, tetrahydroborate, and the like, and mixtures
thereof.
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DEFINITIONS

In accordance with this detailed description, the following
abbreviations and definitions apply. It must be noted that as
used herein, the singular forms “a”, “an”, and “the” include
plural referents unless the context clearly dictates otherwise.
Thus, for example, reference to a “reducing agent” includes a
plurality of such.

As used herein, the terms “hydrocarbon” or “hydrocarbon-
aceous” or “petroleum” are used interchangeably to refer to
material originating from oil shale, coal, tar sands, crude oil,
natural gas or biological processes. Carbon and hydrogen are
major components of hydrocarbons; minor components, such
as oxygen, sulfur and nitrogen may also occur in some hydro-
carbons. The hydrocarbon fraction includes both aliphatic
and aromatic components. The aliphatic component can fur-
ther be divided into acyclic alkanes, referred to as paraffins,
and cycloalkanes, referred to as naphthenes. A paraffin refers
to a non-cyclic, linear (normal paraffin) or branched (iso-
paraffin) saturated hydrocarbon. For example, a C, paraffin is
anon-cyclic, linear or branched hydrocarbon having 8 carbon
atoms per molecule. Normal octane, methylheptane, dimeth-
ylhexane, and trimethylpentane are examples of C, paraffins.
A paraffin-rich feed comprises at least 10 wt %, at least 20 wt
% or even at least 30 wt % paraffins. For example, a C, rich
paraffinic feedstock contains at least 10 wt. % Cg hydrocar-
bons.

As disclosed herein, boiling point temperatures are based
on the ASTM D-2887 standard test method for boiling range
distribution of petroleum fractions by gas chromatography,
unless otherwise indicated. The mid-boiling point is defined
as the 50% by volume boiling temperature, based on an
ASTM D-2887 simulated distillation.

As disclosed herein, carbon number values (i.e., Cs, Cy, C,
C, and the like) generally refers to a number of carbon atoms
within a molecule. Carbon number ranges as disclosed herein
(e.g., C4 to C,,) refer to molecules having a carbon number
within the indicated range (e.g., between 8 carbon and 12
carbon atoms), including the end members of the range. Like-
wise, an open ended carbon number range (e.g., C;5+) refers
to molecules having a carbon number within the indicated
range (e.g., 35 or more carbon atoms), including the end
member of the range. As described herein, carbon number
distributions are determined by true boiling point distribution
and gas liquid chromatography.

Unless otherwise specified, feed rate to a catalytic reaction
zone is reported as the volume of feed per volume of catalyst
per hour. In effect, the feed rate as disclosed herein, referred
to as liquid hourly space velocity (LHSV), is reported in
reciprocal hours (i.e., hr ™).

As used herein, the value for octane refers to the research
octane number (RON), as determined by ASTM D2699.

The term “surface facility” as used herein is any structure,
device, means, service, resource or feature that occurs, exists,
takes place or is supported on the surface of the earth. The
kerogen products that are generated in the process disclosed
herein are recovered in surface facilities and upgraded or
transported for upgrading.

“Shale,” as defined herein, generally refers to “oil shale”
and is a general term applied to a group of rocks rich enough
in organic material (called kerogen) to yield petroleum upon
pyrolysis and distillation. Such shale is generally subsurface
and comprises an inorganic (usually carbonate) component or
matrix in addition to the kerogen component.
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A “subsurface shale formation,” as defined herein, is an
underground geological formation comprising (oil) shale.
The subsurface shale formation comprises kerogen in an inor-
ganic matrix.

A “low-permeability hydrocarbon-bearing formation,” as
defined herein, refers to formations having a permeability of
less than about 10 millidarcies, wherein the formations com-
prise hydrocarbonaceous material. Examples of such forma-
tions include, but are not limited to, diatomite, coal, tight
shales, tight sandstones, tight carbonates, and the like.

“Kerogen,” as defined herein and as mentioned above, is an
organic component of shale. On a molecular level, kerogen
comprises very high molecular weight molecules that are
generally insoluble by virtue of their high molecular weight
and likely bonding to the inorganic component or matrix of
the shale. In a geologic sense, kerogen is a precursor to crude
oil. Kerogen is typically identified as being one of five types:
Type I, Type 11, Type lI-sulfur, Type IIL, or Type IV, based on
its C:H:O ratio and sulfur content, the various types generally
being derived from different sources of ancient biological
matter.

“Kerogen-based” and “kerogen-derived” are terms used
herein to denote a molecular product or intermediate derived
from kerogen, such derivation requiring a chemical modifi-
cation of the kerogen, and the term being exclusive of deri-
vations carried out over geologic timescales.

“Extractible organics™ are organic components of the sub-
surface shale formation that are at least partially soluble in an
organic solvent. In contrast, the kerogen is not soluble in
organic solvent. This organic component that is at least par-
tially soluble is referred to herein as “extractible organics”.
This extractible organic component includes what is com-
monly referred to as “bitumen”. The extractable organic com-
ponent is a solid or semi-solid material that is soluble or at
least partially soluble in an organic solvent. As such, the
extractable organic component can be removed by extraction
using an organic solvent. Extraction of the extractable organic
component makes the kerogen more accessible. In the present
methods, extraction of the extractable organic component
makes the kerogen more accessible to the metal for reactionto
create mobile kerogen-based product.

The term “aqueous fluid” as used herein refers to any water
containing fluid, such as, municipal water; surface water,
including from a lake, sea, ocean, river, and/or stream; for-
mation water; water associated with industrial activity; or
mixtures thereof.

The term “formation fluid” or “formation water” as used
herein refers to the fluid, typically, water or aqueous fluid that
is naturally occurring in a geological formation, such as the
subsurface shale formation, or in a subsurface aquifer. The
amount (or presence) of formation water in the formation, and
the amount (or presence) of formation water in contact with
the kerogen in the formation, depends on a number of factors,
including the depth of the subsurface shale formation or the
kerogen deposit that is within at least a portion of the subsur-
face shale formation. The naturally occurring formation
water may contain dissolved alkali materials from naturally
occurring deposits in the environment of the subsurface shale.
In some cases, formation water is present in the formation
prior to the start of the process for extracting a kerogen-based
product from a subsurface shale formation.

A “surfactant” as used herein refers to any substance that
reduces surface tension of a liquid, or reduces interfacial
tension between two liquids, or between a liquid and a solid,
or facilitates the dispersion of an organic material into an
aqueous solution.
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The term “basic solution,” as used herein, refers to an
aqueous solution having a pH of greater than 7.0.

The term “acidic solution,” as used herein, refers to an
aqueous solution having a pH of less than 7.0.

A “dense phase fluid,” as defined herein, is a non-gaseous
fluid. Such dense phase fluids include liquids and supercriti-
cal fluids (SCFs). The dense phase fluid can be any such fluid
that suitably provides for increased accessibility of the kero-
gen to a fluid—typically due to fracturing and/or rubblizing
of the shale in which the kerogen resides.

A “supercritical fluid” or a “fluid at supercritical condi-
tions” as used herein, is any substance at a temperature and
pressure above its thermodynamic critical point. Supercritical
fluids can be regarded as “hybrid solvents” with properties
between those of gases and liquids, i.e., a solvent with a low
viscosity, high diffusion rates and no surface tension. The
most common are carbon dioxide (CO,) at supercritical con-
ditions and water at supercritical conditions. For example, the
critical temperature of CO, is 31.1° C., and the critical pres-
sure of CO, is 72.9 atm (7.39 MPa).

The term “mechanical stress,” as used herein, refers to
structural stresses within the shale formation that result from
pressure variations within the formation. Such stress can lead
to fracturing and/or rubblization of the shale formation.

The term “‘thermal stress,” as used herein, refers to struc-
tural stresses within the shale formation that result from ther-
mal variations. Such thermal stresses can induce internal
mechanical stresses as a result of differences in thermal coef-
ficients of expansion among the various components of the
shale formation. Like mechanical stress mentioned above,
thermal stress can also lead to fracturing and/or rubblization
of the shale formation.

The term “fracturing,” as used herein, refers to the struc-
tural degradation of a subsurface shale formation as a result of
applied thermal and/or mechanical stress. Such structural
degradation generally enhances the permeability of the shale
to fluids and increases the accessibility of the kerogen com-
ponent to such fluids. The term “rubblization,” as used herein,
is a more extensive fracturing process yielding fracture planes
in multiple directions that generate shale derived “rubble.”

The term “cracking,” as mentioned in the background sec-
tion and as used herein, refers to the breaking of carbon-
carbon bonds in the kerogen so as to yield species of lower
molecular weight. “Retorting,” provides thermal cracking of
the kerogen. “Upgrading,” provides cracking of the kerogen,
but can involve a thermal or chemical upgrading agent.
Accordingly, the term “thermal upgrading” is synonymous
with the term “retorting.”

Hydrocracking is a chemical reaction of liquid feed mate-
rials, including hydrocarbons, petroleum and other biologi-
cally derived material, in the presence of hydrogen and one or
more catalysts, resulting in product molecules having
reduced molecular weight relative to that of the liquid feed
materials. Additional reactions, including olefin and aromatic
saturation and heteroatom (including oxygen, nitrogen, sul-
fur and halogen) removal may also occur during hydrocrack-
ing.

The term ““in situ,” as used herein refers to the environment
of'the subsurface shale formation. The processes as disclosed
herein involve in situ liquid phase chemistry.

The term “nano-scale” as used herein means smaller than
microscopic in scale. The metal particulate catalysts utilized
in the present methods contain nano-sized or smaller metal
particles.

The term “commercial petroleum-based products,” as used
herein, refers to commercial products that include, but are not
limited to, gasoline, aviation fuel, diesel, lubricants, petro-
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chemicals, and the like. Such products can also include com-
mon chemical intermediates and/or blending feedstocks.

“Optional” or “optionally” means that the subsequently
described event or circumstance may, but need not, occur, and
that the description includes instances where the event or
circumstance occurs and instances in which it does not.
Method Overview

The present invention is generally directed to methods for
extracting a kerogen-based product from a subsurface shale
formation comprising kerogen in an inorganic matrix. The
methods include the steps of: providing a fluid comprising
metal to the subsurface shale formation comprising kerogen
in an inorganic matrix; providing a reducing agent to the
subsurface shale formation; converting the kerogen by con-
tacting the kerogen with a metal particulate catalyst formed
from the metal; forming a mobile kerogen-based product; and
recovering at least a portion of the mobile kerogen-based
product. The methods rely on chemically modifying the
shale-bound kerogen to render it mobile using the reducing
agent and the metal particulate catalysts. The fluid compris-
ing metal accesses all surface area of the kerogen accessible
to a fluid and the metal is deposited on and/or adhered to the
surface of the kerogen. The metal particulate catalysts cata-
lyze reactions creating mobile kerogen-based products.

The kerogen has charged surface sites or sites that will
complex with metal ions. These charged surface sites adsorb
metal ions provided to the formation in the present methods.

The metal can be in the form of ionic metal, complexed
metal, or encapsulated metal. lonic metals are metals in their
positive oxidation states, for example Ni**, Ni'*, Mo**, Cu**,
Cu’*, Fe**, Fe**. A complexed metal is a chemical species
consisting of a metal atom or ion bonded to surrounding
molecules or ions. Various ligands or complexing agents may
surround the metal atom, typically these are organic ligands.
Complexed metals include, for example, iron polysaccha-
rides and iron amino acid chelates. An encapsulated metal is
a metal enclosed by a protective coating, shell, or membrane.

In the present methods, the reducing agents reacts with the
metal to form metal particulate catalyst and the reducing
agents can also participate directly in reactions with the kero-
gen.

The above-mentioned method may further comprise the
step of increasing accessibility of the kerogen to the fluid
comprising metal prior to providing the fluid to the subsurface
shale. The step of increasing the accessibility of the subsur-
face shale may include a variety of techniques and/or tech-
nologies such as, but not limited to, explosive fracturing,
hydraulic fracturing, thermal fracturing, propellants, and the
like. Generally, any method of fracturing and/or rubblizing
regions of the shale formation, so as to render the shale more
permeable to fluids, is suitable. Such fracturing and/or rub-
blizing can also involve chemicals reactive to, e.g., at least
part of the inorganic shale component.

The above-mentioned method also may comprise the step
of'preconditioning the kerogen in the shale formation prior to
providing the fluid comprising metal. The step of precondi-
tioning may include techniques such as, but not limited to,
acidifying the inorganic matrix, extracting the extractable
organics, oxidizing the kerogen, removing water from the
formation, circulating a solvent to swell the kerogen, and
combinations thereof. Generally, any method that makes the
kerogen more accessible to the fluid and/or metal is suitable.

The step of contacting the kerogen with a fluid comprising
metal generally involves an in situ chemical modification of
the kerogen (e.g., reducing and cracking) so as to render the
modified kerogen component mobile. The chemical reaction
as described herein utilizes a reducing agent and metal par-
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ticulate catalyst. Such chemical modification generally
involves the breaking and/or making of chemical bonds. In
embodiments, the chemical modification involves a reduction
utilizing the reducing agent and metal particulate catalyst. At
least a portion of these reaction products may be mobilized
using a fluid. The fluid can be that present in the formation,
including formation fluid and the fluid comprising metal pro-
vided to the formation. If needed to mobilize the reaction
products an extraction fluid can also be provided to the for-
mation. The step of transporting the mobile kerogen-based
product out of the subsurface shale formation can generally
be described as flowing the mobile kerogen-based product out
of the subsurface formation, where it can be active (e.g.,
pumping) and/or passive.

In an embodiment, the step of recovering the product
involves recovering the fluid comprising the mobile kerogen-
based products at a surface facility. The fluid removed from
the formation (e.g., by flowing or pumping) can be recovered
as a syncrude or product can be separated from the fluid by
extraction and/or separation. Product can be separated from
the fluid flowing or pumped out of the formation using solvent
extractions or by physical means, such as, for example, lig-
uid-liquid separation, distillation, membrane separation,
thermal separation processes, and the like.

In some embodiments, the recovered kerogen-based prod-
uct is upgraded (thermally and/or chemically) in a surface
facility to provide commercial products. Such surface
upgrading can be intermediate to subsequent refining.

In some embodiments, the above-described method may
involve one or more additional steps which serve to sample
and subsequently analyze the shale prior to, or in the alterna-
tive during, or in the alternative after, performing the step of
increasing the accessibility of the kerogen. Such sampling
and analysis can have a direct bearing on the techniques
employed in the subsequent steps.

Subsurface Shale Formation

The subsurface shale formation comprises an organic com-
ponent, at least a portion of which is the kerogen as defined
herein. The subsurface shale formation further comprises an
inorganic component or inorganic matrix in addition to the
kerogen. The subsurface shale formation may also comprise
an extractible organic component, soluble in organic sol-
vents, as defined herein.

Formation Fluid

The formation fluid is a fluid, generally an aqueous fluid,
which is in contact with the kerogen in the subsurface shale
formation. The formation fluid can be utilized in contacting
the kerogen with the fluid comprising metal and in recovering
the mobile kerogen-based products. The formation fluid may
be present and in contact with the kerogen in the formation, in
small quantities which merely wet the solid surfaces in the
formation. Alternatively, the formation fluid may be present
in sufficient quantities to flood the formation; or in any quan-
tity between the wetted or flooded states.

Accessing the Subsurface Shale Formation

The subsurface shale formation is accessed from the sur-
face through at least one well. In general, the well will be
cased, at least for a portion of its distance. Specifications for
drilling access wells into a subsurface shale formation are
known. In most applications of the invention, multiple wells
will be provided into the subsurface shale formation, the well
pattern based on recognized principles for this application. In
some embodiments, a portion of the wells are employed as
injection wells for passing fluids from the surface to the
formation, and a portion of the wells are employed as pro-
duction wells for withdrawing fluids from the formation to the
surface. Each of the multiple wells may be used successively
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as an injection well and a production well, depending on the
needs of the process. In an alternative, each well may be
prepared and managed optimally as either an injection well or
a production well. Specifications of each well for preparing
and using the well as an injection well and/or a production
well can readily be developed by one of skill in the art.
Increasing Accessibility

In some embodiments, the step of increasing accessibility
includes the sub-steps of: drilling a cased injection well into
the subsurface shale formation comprising the subsurface
shale; pressurizing the injection well with an aqueous fluid or
water at pressures greater than the formation pressure, so as to
create fractures and other voids in the formation.

In some embodiments, the step of increasing accessibility
includes the sub-steps of: drilling a cased injection well into
the subsurface shale formation comprising the subsurface
shale; pressurizing and subsequently sealing the injection
well with a dense phase fluid to provide a pressurized well;
and rapidly de-pressurizing the pressurized well to reach a
steady state reduced pressure. In some such embodiments, the
sub-steps of pressurizing and de-pressurizing are repeated
until an equilibrium pressure is reached.

The dense phase fluid can be any such fluid that suitably
provides for increased accessibility of the kerogen to a
fluid—typically due to fracturing and/or rubblizing of the
shale in which the kerogen resides. In some embodiments, the
dense phase fluid comprises a component selected from the
group consisting of carbon dioxide (CO,), nitrogen (N,),
liquid natural gas (LNG), ammonia (NHj;), carbon monoxide
(CO), argon (Ar), liquefied petroleum gas (LPG), hydrogen
(H,), hydrogen sulfide (H,S), air, C, to C,, hydrocarbons
(including, but not limited to, ethane, propane, butane, and
combinations thereof), and the like.

In some embodiments, the pressure in the pressurized well
exceeds the fracture pressure of the subsurface shale forma-
tion. Such formation fracture pressure could be ascertained
beforehand, for example—thereby helping to direct the
choice of variable parameters used in this step.

In some embodiments, the dense phase fluid is absorbed by
the kerogen and the kerogen subsequently swells, and
wherein the swollen kerogen expands the subsurface shale
formation and creates mechanical stresses leading to subse-
quent fracturing and/or rubblization of the formation. In some
such embodiments, the mechanical stresses created during
the pressurizing and depressurizing sub-steps enhance frac-
turing and/or rubblization of the subsurface shale formation.

In some embodiments, the pressurizing and depressurizing
sub-steps create thermal and/or mechanical stresses in the
subsurface shale formation. In some such embodiments, the
kerogen at least partially delaminates from the inorganic
component of the shale as a result of the thermal stresses.

In some embodiments, explosives are added to the dense
phase fluid to enhance rubblization and fracturing of the
formation. Examples of such explosives include, but are not
limited to, strongly oxidizing species, nitro-containing spe-
cies (e.g., trinitrotoluene, nitroglycerine), thermite mixtures,
and the like. The dense phase fluids to which such explosives
can be added include, but are not limited to, carbon dioxide
(CO,), nitrogen (N,), liquid natural gas (LNG), ammonia
(NH,), carbon monoxide (CO), argon (Ar), liquefied petro-
leum gas (LPG), hydrogen (H,), hydrogen sulfide (H,S), air,
C, to C,, hydrocarbons (including, but not limited to, ethane,
propane, butane, and combinations thereof), and the like.
Preconditioning the Kerogen in the Subsurface Shale

In some embodiments the kerogen in the subsurface shale
formation is preconditioned prior to providing a fluid com-
prising metal. Preconditioning can improve contact of the
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metal and/or metal particulate catalysts with the kerogen and
as such, can increase product yields.

Preconditioning the kerogen in the subsurface shale for-
mation can involve processes including acidifying the inor-
ganic matrix, extracting the extractible organics, oxidizing
the kerogen, removing water from the formation, circulating
a solvent to swell the kerogen, and any combination thereof.

In some embodiments, the inorganic matrix of the subsur-
face shale formation is acidified. The inorganic matrix can be
acidified by contacting with inorganic acids, organic acids,
CO,, CO, at supercritical conditions, or mixtures thereof.
During the step of acidifying the inorganic matrix, the down-
hole pH can be monitored to determine the degree of acidifi-
cation desired.

The kerogen in the subsurface shale formation can also be
preconditioned by removing extractible organics. The subsur-
face shale formation may comprise an organic component
that is at least partially soluble in an organic solvent; this
component is referred to herein as “extractible organics”.
These extractible organics include what is commonly referred
to as bitumen. In contrast, the kerogen is not soluble in
organic solvents. In some embodiments, the subsurface shale
formation comprises extractible organics associated with the
kerogen. The extractible organics can exist as an oily layer on
the kerogen and removing the extractible organics increases
the accessible surface area of the kerogen and makes the
kerogen more accessible to fluids and catalysts.

In the present methods, the extractible organics can be
removed or extracted with a solvent, preferably a hydrocar-
bon solvent. Suitable or exemplary solvents for extracting the
extractible organics include 2-methyltetrahydrofuran, tet-
rahydrofuran, dichloromethane, chloroform, methanol, etha-
nol, acetone, carbon disulfide, benzene, toluene, xylene, pyri-
dine, n-methyl-2-pyrrolidone (NMP), cyclopentyl methyl
ether (CPME), ethyl lactate, dibasic esters (DBE), propylene
carbonate, dimethyl carbonate, CO,, CO, at supercritical
conditions, and mixtures thereof. The hydrocarbon solvent
can be contacted with the easily extractible organics on the
surface of the kerogen by circulating the solvent through the
formation.

In some embodiments, suitable solvents for extracting the
extractible organics include 2-methyltetrahydrofuran, metha-
nol, ethanol, acetone, ethyl lactate, dibasic esters (DBE),
propylene carbonate, dimethyl carbonate, CO,, CO, at super-
critical conditions, and mixtures thereof. In certain embodi-
ments, environmentally benign or green solvents are utilized.

The solvent can be provided to the formation and the
extractible organics are absorbed into the solvent. The solvent
containing the extractible organics can then be withdrawn
from the formation. Withdrawing the solvent containing the
extractible organics can generally be described as flowing the
solvent out of the subsurface formation, where it can be active
(e.g., pumping) and/or passive. If desired, the extractible
organics can be isolated from the solvent at a surface facility.

Removal of the extractible organics component can be
performed as described in U.S. application Ser. No. 13/335,
195, entitled “Preconditioning a Subsurface Shale Formation
by removing Extractible Organics” filed Dec. 22, 2011, the
contents of which is incorporated herein by reference in its
entirety.

In some embodiments, the kerogen in the subsurface shale
formation can also be preconditioned by removing water
from the subsurface formation. Water can be removed by any
known method for removing water from a subsurface forma-
tion, including circulating liquids and/or gases through the
formation. For example, ethanol, supercritical CO,, one fol-
lowed by the other, or mixtures thereof can be circulated
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through the formation, displacing any water in the formation,
and thus removing water from the subsurface formation.

The kerogen in the subsurface shale formation can further
be preconditioned by contacting the kerogen with a swelling
agent. The kerogen can be contacted with a swelling agent by
circulating a solvent known to swell kerogen through the
formation. The swelling agent can be a liquid or a gas. The
swelling agent is circulated through the formation, swelling
the kerogen and increasing its surface area accessible for
deposition of the metal and/or metal particulate catalyst.

The swelling agent can be selected from the group consist-
ing of CO,, CO, at supercritical conditions, ethanol, carbon
disulfide, o-dichlorobenzene, nitrobenzene, biphenyl, propi-
onitrile, nitroethane, acetonitrile, chloroacetonitrile,
nitromethane, pyridine, 1,2-dibromoethane, 2-propanol,
dimethyl sulfoxide, methanol, and mixtures thereof. In some
embodiments, the swelling agent can be selected from the
group consisting of CO,, CO, at supercritical conditions,
ethanol, acetonitrile, 2-propanol, dimethyl sulfoxide, metha-
nol, and mixtures thereof. For example, CO,, ethanol, or
mixtures thereof can be used as swelling agents. In certain
embodiments, environmentally benign or “green” swelling
agents are utilized.

In some embodiments, the kerogen in the subsurface shale
formation can also be preconditioned by oxidizing the kero-
gen. In embodiments where an oxidizing preconditioning
step is utilized, the methods further comprise the step of
contacting the kerogen with an oxidizing agent. Oxidation
can assist the presently claimed methods by activating the
kerogen surface, creating additional accessible surface area,
and/or creating coordination sites on the kerogen surface for
enhanced catalytic metal deposition. Oxidation may also cre-
ate some kerogen-based reaction products containing oxygen
which are mobile. These products can be recovered when
formed during oxidation or in a later step with the mobile
kerogen-based products of the present process.

The oxidizing agent is selected to be sufficiently stable to
be delivered to the kerogen, while maintaining sufficient oxi-
dation activity to oxidize the kerogen. In embodiments, the
oxidizing agent is selected to be environmentally benign. In
embodiments, the oxidizing agent is selected to minimally
impact aqueous aquifers in the region of the kerogen in the
subsurface shale. The oxidizing agent may be a single oxidant
or an oxidant blend. In embodiments, the oxidizing agent is
selected to be stable in an aqueous fluid. In some such
embodiments, the particular oxidizing agent or oxidant blend,
along with the concentration of the oxidizing agent or oxidant
blend in the formation fluid, is established by the reactivity of
the kerogen in the presence of the formation fluid.

The oxidizing agent can be selected from the group con-
sisting of O,, ozone, peroxides, organic and inorganic acids,
metal oxides, permanganates, and persulfates. In one embodi-
ment the oxidizing agent can be selected from O,, ozone,
peroxides, peracetic acid, permanganates, persulfates,
hypochlorite, nitrous oxide, nitric acid, hexavalent chromium
compounds, Fenton’s reagent, silver oxide, osmium tetrox-
ide, and mixtures thereof. Fenton’s reagent is a combination
of hydrogen peroxide with an iron (Fe,™) catalyst.

In certain embodiments the oxidizing agent can be selected
from the group consisting of consisting ot hydrogen peroxide,
O,, ozone, benzoyl peroxide, permanganates, persulfates,
hypochlorite, nitrous oxide, and mixtures thereof.

Peracetic acid, also known as peroxyacetic acid
(CH;CO5H), is formed by reacting acetic acid with hydrogen
peroxide. It is acidic as prepared, and will generally be pro-
vided to the formation fluid in acidic solution. In embodi-
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ments, the process comprises contacting kerogen with a for-
mation fluid containing peracetic acid.

In embodiments, hydrogen peroxide (H,O,) is provided to
the formation fluid in pure form, or combined with an amount
of'inhibitor to prevent premature decomposition of the hydro-
gen peroxide before contact with kerogen. In embodiments,
the process comprises contacting kerogen with a formation
fluid containing hydrogen peroxide.

Benzoyl peroxide (|C;HC(0O)],0,) is minimally soluble
in aqueous solution; this oxidant can be supplied to the kero-
gen in either an organic fluid or as a slurry in an aqueous fluid.
The slurry may be formed by directly slurrying the benzoyl
peroxide into the aqueous fluid; or the benzoyl peroxide is
first dissolved in an organic solvent and the solution used to
form the slurry.

The oxidizing agent concentration in the formation fluid is
determined by a number of factors, including the stability and
reactivity of the oxidizing agent at the conditions of the sub-
surface formation, and the nature of the inorganic component
of'the subsurface shale. In embodiments, the fluid containing
oxidizing agent as provided to the subsurface shale formation
contains in the range from 5 wt. % to 100 wt. % oxidizing
agent; or in the range from 5 wt. % to 50 wt. % oxidizing
agent; or in the range of 5 wt. % to 40 wt. % oxidizing agent.

The oxidizing can be performed at a temperature in the
range of between about 0° C. and 200° C. In certain embodi-
ments, the temperature is in the range of between about 20° C.
and 150° C.

The oxidizing agent can be a liquid phase oxidant or a gas
phase oxidant. For liquid phase oxidations, the kerogen can
be dried with ethanol, CO,, CO, at supercritical conditions,
or mixtures thereof to swell the kerogen and maintain the
swelled kerogen. The kerogen can then be contacted with the
liquid phase oxidant. After contacting with the liquid oxidant,
the kerogen can be flushed with a liquid or gaseous solvent to
remove remaining oxidant and any reaction products. For gas
phase oxidations, the kerogen can be dried with CO, or CO,
at supercritical conditions to swell the kerogen and maintain
the swelled kerogen. The kerogen can then be contacted with
the gas phase oxidant. After contacting with the gas oxidant,
the kerogen can be flushed with a non-reactive gas (such as
carbon dioxide, hydrogen, nitrogen, or argon) to remove
remaining oxidant and the kerogen can be further flushed with
a liquid solvent to remove any reaction products.

As stated above, according to the present methods, the
kerogen in the subsurface shale formation can be precondi-
tioned by any one, or a combination or all of the above
described preconditioning processes. If a combination or all
of'the above described preconditioning processes are utilized,
the preconditioning processes can be performed in any order
desired. If a combination of preconditioning processes are
utilized which involve the use of a solvent or fluid, the same
solvent or fluid can advantageously be utilized for the various
preconditioning treatments. For example, if a combination of
acidifying the inorganic matrix and contacting the kerogen
with a swelling agent are utilized, then ethanol, CO,, CO, at
supercritical conditions, or combinations thereof can advan-
tageously be utilized for both preconditioning processes.

In certain embodiments, the methods comprise a combina-
tion of extracting the extractible organics and oxidizing the
kerogen. In other embodiments, the methods comprise acom-
bination of extracting the extractible organics, contacting the
kerogen with a swelling agent, and contacting the kerogen
with an oxidizing agent.

Fluid Comprising Metal

According to the present invention, a fluid comprising

metal is provided to the subsurface shale formation compris-
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ing kerogen in an inorganic matrix. The fluid is provided from
the surface to the formation. An injection well may be utilized
for passing the fluid from the surface to the formation. Speci-
fications for such a well can readily be developed by one of
ordinary skill in the art.

The fluid is selected to provide the metal to the formation,
and to maintain the integrity of the metal until contacted with
the kerogen and/or converted to metal particulate catalyst.
The fluid should be appropriate for use with the metal, the
reducing agent, and the metal particulate catalyst. The fluid
may also be appropriate for combining with the formation
fluid, if any is present. The fluid can be provided to the
subsurface shale formation at a temperature in the range of
between 0° C. and 200° C. and in certain embodiments at a
temperature in the range of 20° C. and 150° C.

The metal can be combined with the fluid at the surface and
then pumped into the formation. In other embodiments, the
formation can be flooded with the fluid, accessing all surface
area of the kerogen accessible to a liquid. Then fluid contain-
ing metal can be provided until a sufficient amount of metal
has adhered to or been deposited on the surface of the kero-
gen.

Suitable or exemplary fluids can be selected from the group
consisting of water, ethanol, carbon disulfide, o-dichloroben-
zene, nitrobenzene, biphenyl, propionitrile, nitroethane,
acetonitrile, chloroacetonitrile, nitromethane, pyridine, 1,2-
dibromoethane, 2-propanol, dimethyl sulfoxide, methanol,
and mixtures thereof. In some embodiments, the fluid can be
selected from the group consisting of water, ethanol, aceto-
nitrile, 2-propanol, dimethyl sulfoxide, methanol, and mix-
tures thereof. In certain embodiments the fluid is ethanol. In
certain instances the fluid can selected to be environmentally
benign.

The fluid can also be used for providing the reducing agent
to the subsurface shale formation.

The fluid can be provided to the formation at a temperature
in the range of between 0° C. and 200° C. In one embodiment,
the fluid is provided a temperature in the range of between 20°
C. and 150° C. In some embodiments, the fluid is provided at
a temperature in one of the following ranges: between 20° C.
and 150° C.; between 20° C. and 100° C.; or between 25° C.
and 75° C.

Metal

According to the methods disclosed herein, a fluid com-
prising metal is provided to the subsurface shale formation
comprising kerogen accessing all surface area of the kerogen
accessible to a liquid.

The metals contained in the fluid provided to the subsur-
face shale formation form metal particulate catalysts. The
metal particulate catalysts are utilized in in-situ reactions to
form mobile kerogen-based products. The metals can be in
the form of ionic metals, complexed metals, or encapsulated
metals. Ionic metals are metals in their positive oxidation
states. A complexed metal is a chemical species consisting of
a metal atom or ion bonded to a surrounding molecules or
ions. Various ligands or complexing agents may surround the
metal atom, typically these are organic ligands. Complexed
metals include, for example, iron polysaccharides and iron
amino acid chelates. An encapsulated metal is a metal
enclosed by a protective coating, shell, or membrane.

The subsurface shale formation is flooded with the fluid
containing the metal. The metals can be any metal suitable for
forming a metal particulate catalyst that will react with the
kerogen to create a mobile-kerogen based product. In the
methods, the metal can be a transition metal. In certain
embodiments, suitable metals include Group VI metals,
Group VIl metals, and coinage metals. Group VI metals refer
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to any one or more of chromium, molybdenum, and tungsten.
Group VIII metals refer to any noble or non-noble Group VIII
metal, including any one or more of iron, ruthenium, osmium,
hassium, cobalt, rhodium, iridium, nickel, palladium, and
platinum. Coinage metals refer to any one or more of copper,
silver, and gold.

In certain embodiments, the metal can be selected from the
group consisting of Ni, Fe, Cu, Co, Mo, Ag, Pt, Au, and
mixtures thereof.

In an embodiment ionic metals are used. The ionic metals
can be deposited on the surface of the kerogen. The ionic
metals utilized can be selected from the group consisting of
Ni**, Ni'*, Mo>*, Cu**, Cu?*, Fe**, Fe**, and mixtures
thereof. In one embodiment, the ionic metal is Ni**.

The metal can be combined with the fluid at the surface and
then pumped into the formation. In other embodiments, the
formation can be flooded with the fluid, accessing all surface
area of the kerogen accessible to a liquid. Then fluid contain-
ing ionic metal can be provided until a sufficient amount of
metal has been deposited on or adhered to the surface of the
kerogen.

In the present methods, it is important that the metals or
metal ions in the fluid are deposited on and/or adhered to the
surface of the kerogen. As described herein, the kerogen can
be preconditioned prior to providing the fluid containing
metal ions to provide more surface area accessible to a liquid.
Reducing Agents

In the present methods a reducing agent is provided to the
subsurface shale formation. The reducing agent can be com-
bined with a fluid and pumped or injected into the formation
or the reducing agent can be directly pumped or injected into
the formation. The fluid can be the same or different from the
fluid comprising metal.

The reducing agents react with the metal to form metal
particulate catalyst and the reducing agents can also react
directly with the kerogen in the presence of the metal particu-
late catalyst.

The reducing agent is selected to be sufficiently stable to be
delivered to the kerogen, while maintaining sufficient reduc-
tion activity to reduce the metal and/or the kerogen. In some
embodiments, the reducing agent can be selected to be envi-
ronmentally benign. In embodiments, the reducing agent can
be selected to minimally impact aqueous aquifers in the
region of the kerogen in the subsurface shale. The reducing
agent may be a single reducing agent or a blend.

In certain embodiments, the reducing agent can be stable in
an aqueous fluid. In other embodiments, the reducing agent is
soluble in an organic solvent that can also be utilized to
mobilize the kerogen based reaction product. In some such
embodiments, the particular reducing agent or blend, along
with the concentration of the reducing agent or blend in the
formation fluid, is established by the reactivity of the metal to
forming a metal particulate catalyst and/or the kerogen. The
reducing agent should not be so strong as to reduce the inor-
ganic minerals in the subsurface shale formation.

The reducing agent can be selected from the group consist-
ing of hydrogen, hydrazine, sodium borohydride (NaBH,),
hydrogen donor solvents, and mixtures thereof. The hydrogen
donor solvents can be selected from the group consisting of
decalin, tetralin, tetrahydroborane, and the like, and mixtures
thereof.

In certain embodiments the reducing agent is hydrogen,
hydrazine, or a mixture thereof. In one embodiment, the
reducing agent is hydrazine, at least a portion of which is
formed on site. Hydrazine may be formed at a surface facility
from hydrogen peroxide and ammonia. Hydrazine also can be
formed in situ in the formation from hydrogen peroxide and
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ammonia. For example, in certain embodiments the method
can comprise the pretreatment step of oxidizing the kerogen
using hydrogen peroxide as the oxidizing agent. If residual
hydrogen peroxide remains in the formation, it may be used to
form at least a portion of the hydrazine reducing agent.
Ammonia and optionally additional hydrogen peroxide may
be provided to the formation to provide at least a portion of the
hydrazine reducing agent.

The reducing agent contacts with the metal (e.g., ionic
metal) to form metal particulate catalyst. Kerogen is con-
verted by contacting the kerogen with the metal particulate
catalyst. Kerogen can also be converted by contacting the
kerogen with the metal particulate catalyst in the presence of
areducing agent. The reducing agent can react to some degree
directly with the kerogen.

In certain embodiments, two reducing agents can be used
because reducing agent is needed to provide the metal par-
ticulate catalyst and reducing agent can also be useful in
converting the kerogen to form mobile kerogen-based prod-
ucts. In these embodiments one reducing agent is utilized to
react with the metal (e.g., ionic metal) to form metal particu-
late catalyst and one reducing agent is utilized with the metal
particulate catalyst to contact the kerogen to form mobile
kerogen-based products. The second reducing agent can be a
milder reducing agent compared to the first reducing agent.
The first and second reducing agents can be the same or
different. The first reducing agent can be selected from the
group consisting of hydrazine, sodium borohydride, hydro-
gen, and mixtures thereof and the second reducing agent can
be selected from the group consisting ofhydrogen, hydrazine,
hydrogen donor solvent, and mixtures thereof.

A gas phase reduction or liquid phase reduction can be
utilized. In gas phase reduction, hydrogen can be used as the
reducing agent. In liquid phase reduction, decalin, tetralin,
tetrahydroborane, hydrazine, and mixtures thereof can be
used as the reducing agent.

To form the nano-scale or smaller metal particles of the
metal particulate catalyst, slow reduction rates and dilute
solutions can be utilized. A method can be utilized for down-
hole monitoring of the reduction process.

Metal Particulate Catalyst

In the methods disclosed herein, metal particulate catalysts
are formed by reaction of the metal with reducing agent. The
reducing agent reacts with the metal to form the metal par-
ticulate catalyst in situ in the formation. In certain embodi-
ments, ionic metal is contacted with a reducing agent to form
metal particulate catalyst in situ in the formation. According
to the methods disclosed herein, the metal particulate cata-
lysts surprisingly can be used for in-situ reaction of kerogen
to create mobile kerogen-based products.

The methods as disclosed herein rely on chemically modi-
fying the shale-bound kerogen to render it mobile using the
metal particulate catalysts. The metal particles of the metal
particulate catalysts are nano-scale or smaller and these cata-
lysts surprisingly can be used for in-situ reaction of kerogen
to create mobile kerogen-based products.

The metal particulate catalyst converts the kerogen by
reaction involving reduction and hydrocracking. The metal
particulate catalysts assist in starting the kerogen conversion
reaction. The mobile-kerogen based products comprise pri-
marily paraffins, including n-paraffins and isoparaffins, with
low amounts of heteroatoms, including nitrogen, oxygen, and
sulfur. The mobile kerogen based products further comprise
low amounts of aromatics and oxygenates, including alco-
hols, acids, esters, and the like.

The metal particulate catalysts contain nano sized or
smaller metal particles. In some embodiments, the catalyst
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comprises clusters of less than 100 metal atoms, for example
at least 50 weight % of the metal particulate catalyst is in
clusters having fewer than 100 metal atoms. In certain
embodiments, the catalyst comprises clusters of less than 25
metal atoms, for example at least 50 weight % of the metal
particulate catalyst is in clusters having fewer than 25 metal
atoms. In other embodiments, the catalyst comprises clusters
of'less than 20 metal atoms for example at least 50 weight %
of the metal particulate catalyst is in clusters having fewer
than 20 metal atoms. In further embodiments, the catalyst
comprises clusters ofless than 10 metal atoms, for example at
least 50 weight % of the metal particulate catalyst is in clus-
ters having fewer than 10 metal atoms.

In certain embodiments at least 50 weight % of the metal
particulate catalyst can be in clusters having 10 to 20 metal
atoms or fewer.

Examples of catalysts containing nano-sized or smaller
metal particles and processes for forming are described in
Rodriguez-Vazques, M. I., et al., “Synthesis and character-
ization of gold atomic clusters by the two-phase method” Eur.
Phys. J. D.52;23-26 (2009); Ledo-Suarez, Ana, et al., “Facile
Synthesis of Stable Subnanosized Silver Clusters in Micro-
emulsions”, Angew. Chem. Int. Ed. 2007, 46, 8823-8827; and
Guillen-Villafuerte, Olmedo, “Assembly of Subnanometric
2D Pt Nanoislands in Parallel Rows onto Au(111) by Self-
Organization of Pt Clusters”, Angew. Chem. Int. Ed. 2006,
45, 4266-4269.

The metal particulate catalysts are deposited on and/or
adhered to the surface of the kerogen.

Converting the Kerogen and Forming a Mobile Kerogen-
Based Product

The metal and/or metal particulate catalysts deposit on
and/or are adhered to the surface of the kerogen, and the metal
particulate catalysts catalyze reduction and hydrocracking
reactions creating mobile kerogen-based products. The
reducing agents react with the metal to form the metal par-
ticulate catalysts and the reducing agents can also react
directly with the kerogen in the presences of the metal par-
ticulate catalyst. The metal particulate catalysts assist in start-
ing the kerogen conversion reactions. The mobile-kerogen
based products comprise primarily paraffins, including n-par-
affins and isoparaffins, with low amounts of heteroatoms,
including nitrogen, oxygen, and sulfur. The mobile kerogen
based products further comprise low amounts of aromatics
and oxygenates, including alcohols, acids, esters, and the like.

In embodiments, the catalytic conversion ofthe kerogen by
contacting with the metal particulate catalyst is maintained
until a target amount of mobile reaction products are pro-
duced and/or are absorbed into the fluid. The fluid present
may be the fluid comprising metal provided to the formation,
may be formation fluid, or fluid provided as an extraction
fluid. Progress toward reaching the target amount may be
monitored, for example, by withdrawing the fluids to the
surface for analysis, by analyzing the fluids in the subsurface
shale formation, or by analyzing the fluids in a well extending
into the formation.

The process may further include monitoring the extent of
reaction of the kerogen. For example, a fluid sample, such as
the formation fluid, may be removed from the subsurface
shale formation and analyzed. Alternatively, the progress of
the reaction may be monitored using a downhole analyzer. An
analyzer suited to determining the extent of reaction may be
inserted into, or intimately contacted with the fluids in the
subsurface shale formation.

In other embodiments, the process further comprises moni-
toring the kerogen conversion using the amount of mobile
reaction products in the subsurface shale formation. The
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amount of mobile reaction products may be determined from
an analysis of fluids recovered from the formation, or from a
downhole analysis tool suited for analyzing the amount of
reaction products.

In some embodiments, the catalytic conversion is contin-
ued for a specified time. The catalytic conversion can be
continued for a specified number of hours, days, weeks, or
months. Additional fluid comprising metal and/or reducing
agent may be provided to the formation during the conver-
sion.

Reaction Conditions

In some embodiments, reaction conditions for converting
kerogen into the mobile kerogen-based product are selected
to minimize the environmental effects of the process for
extracting the kerogen-based product; and/or to maximize the
conversion of kerogen into the mobile kerogen-based prod-
uct; and/or to minimize the conversion of the kerogen to CO,.
Reaction Temperature

The step of converting the kerogen with the metal particu-
late catalysts is generally conducted at or near natural forma-
tion temperature. In embodiments, the contacting occurs at a
temperature below pyrolysis temperature of the kerogen. In
embodiments, the contacting occurs at a temperature in the
range of between 0° C. and 200° C. In one embodiment, the
contacting occurs at temperatures 0f20°C. 10 150° C. Insome
such embodiments, the contacting occurs at a temperature in
one of the following ranges: between 20° C. and 150° C.;
between 20° C. and 100° C.; or between 25° C. and 75° C.

In a non-limiting specific example, the contacting is con-
ducted at a temperature of less than 50° C. above the natural
formation temperature. The natural formation temperature, as
used herein, is the temperature of the subsurface shale forma-
tion, in the region of the kerogen, prior to human intervention
with or in the formation. Methods for determining natural
formation temperature are well known to those of skill in the
art. Pyrolysis temperature, as used herein, is the temperature
at which the kerogen thermally decomposes without the inter-
vention of a catalytic or chemical agent. In the methods
herein, the contacting occurs at a temperature below a pyroly-
sis temperature of the kerogen.

In some embodiments, the contacting is conducted under
conditions in which no added heat is supplied to the formation
fluid and/or to the subsurface shale in contact with the forma-
tion fluid. In some embodiments, if heat is supplied during the
kerogen conversion to meet the above-mention target tem-
perature, it can be supplied by recirculating heating fluids. As
such, no oxidative heating is used. The contacting occurs at
temperature below pyrolysis temperature of the kerogen.
Reaction Pressure

Generally, the kerogen in the subsurface shale is contacted
with the metal particulate catalyst at or above natural forma-
tion pressure (i.e., the pressure of the subsurface shale forma-
tion in the region that includes the kerogen), so as to maintain
or increase the accessibility of the catalyst to kerogen in the
subsurface shale formation.

Methods for determining the formation pressure and the
formation fracture pressure are known. In some such embodi-
ments, the pressure can be up to 1000 psig; or up to 750 psig;
or up to 500 psig; or even up to 250 psig above the natural
formation pressure. The natural formation pressure, as used
herein, is the pressure of the subsurface shale formation, in
the region of the kerogen, prior to human intervention with or
in the formation. Methods for determining a natural forma-
tion pressure are known.

Recovery of the Mobile Kerogen-Based Products

The mobile kerogen-based products produced are recov-

ered from the formation at a surface facility. The mobile
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kerogen-based products can be allowed to flow to the surface
or can be recovered by pumping. In certain embodiments an
extraction fluid can be utilized to assist in recovering the
mobile kerogen-based products. The extraction fluid can be
any suitable fluid, including a fluid selected from those for
providing the metal or formation fluid. Suitable or exemplary
extraction fluids can be selected from the group consisting of
ethanol, carbon disulfide, o-dichlorobenzene, nitrobenzene,
biphenyl, propionitrile, nitroethane, acetonitrile, chloroac-
etonitrile, nitromethane, pyridine, 1,2-dibromoethane, 2-pro-
panol, dimethyl sulfoxide, methanol, and mixtures thereof. In
some embodiments, the fluid can be selected from the group
consisting of ethanol, acetonitrile, 2-propanol, dimethyl sul-
foxide, methanol, and mixtures thereof. In certain embodi-
ments the extraction fluid is chosen to be the same as the fluid
for providing the metal. In some embodiments the fluid can be
environmentally benign.

In some embodiments, pumping is used to transport the
mobile kerogen-based product out of the subsurface shale
formation, wherein such pumping can be performed using
techniques known to those of skill in the art. Conventional oil
field practices (both flowing gas and pumping fluids, e.g., rod
pumps, electrical submersible pumps, progressive cavity
pumps, etc.) can be modified to provide reliability in a given
producing environment. For example, modifications may
require changes in metallurgy, pressure limitations, elasto-
meric compositions, temperature rating, and the like.

Production could use any standard producing process such
as, but not limited to, at least one well penetrating into the
subsurface shale formation as an injection well for providing
fluids to the subsurface shale formation and at least one well
penetrating into the subsurface shale formation as a produc-
tion well for producing fluids from the formation, Huff-n-
Puff (i.e., a single well is used as both the producer and
injector), water flooding, steam flooding, polymer flooding,
solvent extraction flooding, thermal processes, diluent addi-
tion, steam assisted gravity drainage (SAGD), and the like.

The fluid removed from the formation (e.g., by flowing or
pumping) can be recovered as a syncrude or product can be
separated from the fluid by extraction and/or separation.
Product can be separated from the fluid flowing or pumped
out of the formation using solvent extractions or by physical
means, such as, for example, liquid-liquid separation, distil-
lation, membrane separation, thermal separation processes,
and the like.

The mobile-kerogen based products comprise primarily
paraffins, including n-paraffins and isoparaffins, with low
amounts of heteroatoms, including nitrogen, oxygen, and
sulfur. The mobile kerogen based products further comprise
low amounts of aromatics and oxygenates, including alco-
hols, acids, esters, and the like.

Surfactants

In certain embodiments, the fluids of the methods disclosed
herein contain one or more surfactants or emulsifiers. For
example, the fluid comprising metal can also comprise one or
more surfactants or emulsifiers. In other embodiments sur-
factants can be utilized in the fluids recovering the mobile
kerogen-based products. The surfactant can be any substance
that reduces surface tension of the fluid, or reduces interfacial
tension between two liquids, or one liquid and the surround-
ing formation. The surfactant can also be chosen, for
example, to increase the accessibility of the fluid to the kero-
gen, and/or to increase the mobility of the reaction products
from the kerogen, and/or to increase the effectiveness of the
fluid for absorbing the reaction products. Suitable surfactants
for use in the present fluids may be selected from nonionic,
anionic or amphoteric surfactants.
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In embodiments, the fluid can contain at least 2.5 wt. %; or
from 2.5% to 10 wt. %; or from 2.5% to 8 wt. % of surfactant.
Products

The fluid removed from the formation (e.g., by flowing or
pumping) can be recovered as a syncrude or a syncrude prod-
uct can be separated from the fluid by extraction and/or sepa-
ration at a surface facility. The kerogen derived products
formed comprise primarily paraffins, including n-paraffins
and isoparaffins. The syncrude is a suitable feedstock for
refining, petrochemical and power generating facilities.
These kerogen-based products have a lower molecular mass
than the naturally occurring kerogen itself, and with the char-
acteristic chemical and conformational complexity of the
kerogen structures from which they are derived. The kerogen-
based products can be transported by pipeline or shipped in
tankers, either by tanker or ship.

Upgrading the Extracted Kerogen-Based Product

As described, a kerogen-derived syncrude is recovered
from the formation or separated from the fluid recovered from
the formation. In further embodiments, the kerogen-derived
syncrude is upgraded to yield one or more commercial petro-
leum-based products. Various techniques common in the
industry (e.g., hydroprocessing, hydrogenation, saturation,
hydrotreating, hydrocracking, isomerization, fluid catalytic
cracking, thermal cracking, esterification, oligomerization,
reforming, alkylation, denitrification and desulfurization)
may be employed to obtain a desired commercial product
from the kerogen-derived product. Such upgrading is largely
dependent on the nature of the kerogen-derived product and
the commercial product desired.

The kerogen-derived products can be used, for example, in
the production of fuels, lubricant and lubricant base oils,
polymers, pharmaceuticals, solvents, petrochemicals and
food additives. The kerogen-derived products can be
upgraded and optionally used with additives, and/or other
base oils, to make a finished lubricant. The finished lubricants
can be used in passenger car motor oils, industrial oils, and
other applications. When used for passenger car motor oils,
base oils meet the definitions of the current version of API
Base Oil Interchange Guidelines 1509.

In embodiments, at least some of the kerogen-derived
products are used as feedstocks to make distillate fuels, gen-
erally boiling in the range of about C5-700° F. (121°-371° C.)
as determine by the appropriate ASTM test procedure. The
term “distillate fuel” is intended to include gasoline, diesel,
jet fuel and kerosene boiling range fractions. The kerosene or
jet fuel boiling point range is intended to refer to a tempera-
ture range of about 280°-525° F. (138°-274° C.) and the term
“diesel boiling range” is intended to refer to hydrocarbon
boiling points of about 250°-700° F. (121°-371° C.). Gasoline
or naphtha is normally the C; to 400° F. (204° C.) endpoint
fraction of available hydrocarbons. The boiling point ranges
of the various product fractions recovered in any particular
refinery or synthesis process will vary with such factors as the
characteristics of the source, local markets, product prices,
etc. Reference is made to ASTM standards D-975, D-3699-83
and D-3735 for further details on kerosene, diesel and naph-
tha fuel properties.

Hydrotreating

In embodiments, the kerogen-derived products are
upgraded in a hydrotreating reaction zone to remove heteroa-
toms such as oxygen, nitrogen and sulfur and to saturate
olefins and aromatics. Hydrotreating conditions include a
reaction temperature between 400° F.-900° F. (204° C.-482°
C.), or between 650° F.-850° F. (343° C.-454° C.); a pressure
between 500 to 5000 psig (pounds per square inch gauge)
(3.5-34.6 MPa), or between 1000 to 3000 psig (7.0-20.8
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MPa); a feed rate (LHSV) of 0.5 hr-1 to 20 hr-1 (v/v); and
overall hydrogen consumption 300 to 2000 scf per barrel of
liquid hydrocarbon feed (53.4-356 m3 H2/m3 feed). The
hydrotreating catalyst will generally be a composite of a
Group VI metal or compound thereof, and a Group VIII metal
or compound thereof supported on a porous refractory base
such as alumina. Examples of hydrotreating catalysts are
alumina supported cobalt-molybdenum, nickel sulfide,
nickel-tungsten, cobalt-tungsten and nickel-molybdenum.
Other examples of hydrotreating catalysts contain a platinum
group metal such as platinum and/or palladium. Typically
such hydrotreating catalysts are presulfided.

Hydrocracking

In embodiments, the kerogen-derived products are hydro-
cracked. The hydrocracking reaction zone is maintained at
conditions sufficient to effect a boiling range conversion of
the products in the hydrocracking reaction zone, so that the
liquid hydrocrackate recovered from the hydrocracking reac-
tion zone has a normal boiling point range below the boiling
point range of the feed. The hydrocracking step reduces the
size of the hydrocarbon molecules, hydrogenates olefin
bonds, hydrogenates aromatics, and removes traces of het-
eroatoms resulting in an improvement in fuel or base oil
product quality.

Typical hydrocracking conditions include a reaction tem-
perature between 400° F. and 950° F. (204° C.-510° C.) or
between 650° F. and 850° F. (343° C.-454° C.); a reaction
pressure between 500 and 5000 psig (3.5-34.5 MPa) or
between 1500 and 3500 psig (10.4-24.2 MPa); a feed rate (in
terms of volumes of feed at ambient conditions per volume of
catalyst per hour) between 0.1 and 15 hr-1 (v/v) or between
0.25and 2.5 hr-1; and hydrogen consumption 500 to 2500 scf
per barrel of liquid hydrocarbon feed (89.1-445 m3 H,/m3
feed). Generally, more severe conditions within these ranges
will be used with higher boiling feedstocks and depending on
whether gasoline, middle distillate or lubricating oil is desired
as the primary economic product. The hydrocrackate is then
separated into various boiling range fractions. The separation
is typically conducted by fractional distillation preceded by
one or more vapor-liquid separators to remove hydrogen and/
or other tail gases.

The hydrocracking catalyst generally comprises a cracking
component, a hydrogenation component and a binder. Such
catalysts are well known in the art. The cracking component
may include an amorphous silica/alumina phase and/or a
zeolite, such as a Y-type or USY zeolite. The binder is gen-
erally silica or alumina. The hydrogenation component will
be a Group VI, Group VII, or Group VIII metal or oxides or
sulfides thereof, preferably one or more of molybdenum,
tungsten, cobalt, or nickel, or the sulfides or oxides thereof. If
present in the catalyst, these hydrogenation components gen-
erally make up from about 5% to about 40 wt. % of the
catalyst. Alternatively, platinum group metals, especially
platinum and/or palladium, may be present as the hydroge-
nation component, either alone or in combination with the
base metal hydrogenation components molybdenum, tung-
sten, cobalt, or nickel. If present, the platinum group metals
will generally make up from about 0.1% to about 2 wt. % of
the catalyst.

Isomerization

In embodiments, the kerogen-derived products are hydroi-
somerized. Typical hydroisomerization conditions are well
known in the literature and can vary widely. Isomerization
processes are typically carried out at a temperature between
200° F. and 700° F. or between 300° F. to 650° F., with a feed
rate between 0.1 and 10 hr-1 or between 0.25 and 5 hr-1.
Hydrogen is employed such that the mole ratio of hydrogen to
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hydrocarbon is between 1:1 and 15:1. Catalysts useful for
isomerization processes are generally bifunctional catalysts
that include a dehydrogenation/hydrogenation component
and an acidic component. The acidic component may include
one or more of amorphous oxides such as alumina, silica or
silica-alumina; a zeolitic material such as zeolite Y, ultrast-
ableY, SSZ-32, Beta zeolite, mordenite, ZSM-5 and the like,
or anon-zeolitic molecular sieve such as SAPO-11, SAPO-31
and SAPO-41. The acidic component may further include a
halogen component, such as fluorine. The hydrogenation
component may be selected from the Group VIII noble metals
such as platinum and/or palladium, from the Group VIII
non-noble metals such as nickel and tungsten, and from the
Group VI metals such as cobalt and molybdenum. If present,
the platinum group metals will generally make up from about
0.1% to about 2 wt. % of the catalyst. [f present in the catalyst,
the non-noble metal hydrogenation components generally
make up from about 5% to about 40 wt. % of the catalyst.
FCC

In embodiments, the kerogen-derived products are cracked
in a fluid catalytic cracking unit (FCC). In such fluidized
catalytic cracking, high molecular weight hydrocarbon lig-
uids and vapors are contacted with hot, finely divided solid
catalyst particles in an elongated riser or transfer line reactor.
The transfer line is usually in the form of a riser tube and the
contacting time is on the order of a few seconds, say from 0.5
to 8 seconds, and generally not over about 4 seconds. During
this short period, catalysts at temperatures in the range about
1100° F. to 1400° F. are contacted with a hydrocarbon feed-
stock which is heated to a temperature of about 300° F. to 800°
F. The reaction is one of essentially instantaneous generation
oflarge volumes of gaseous hydrocarbons. The hydrocarbons
and catalyst mixture flows out of the riser tube into a reactor
vessel wherein the resultant gaseous hydrocarbons are taken
off for distillation into various product fractions defined by
boiling ranges. The spent catalyst is then separated in the
reactor vessel and stripped of hydrocarbons by passing the
catalyst through a stripper section which includes steam flow-
ing up through the down-flowing catalyst usually for a period
of' 1 to 3 minutes. Catalyst is then returned to a regenerator
where residual hydrocarbons, called “coke”, on the spent
catalyst are burned off by passing a stream of an oxygen-
containing gas, such as air, or oxygen-enriched air, through
the catalyst until substantially all the carbon is burned from
the particles. The heat generated in this regeneration step is
used as a heat source to heat the catalyst and thus provide
elevated temperatures needed for reaction with the incoming
hydrocarbon feed. Regenerated hot catalyst is then recycled
to the riser cracking zone wherein the feed is cracked to form
more gaseous products. In one embodiment, the fluid cata-
Iytic cracking reaction of the organic acids is conducted at a
temperature of between 1200° F. and 1400° F. (600° C. to
800° C.). In another embodiment the fluid catalytic cracking
reaction of the organic acids is conducted at a temperature of
between 250° C. and 490° C.

A typical catalyst comprises 10%-60% w/w of a solid acid,
0%-50% w/w of alumina, 0%-40% w/w of silica, the remain-
der being kaolin. The solid acid may be a zeolite of the ZSM
type, a zeolite of the faujasite type, a zeolite of the mordenite
type, silico-aluminum phosphate (SAPO) or aluminum phos-
phate (ALPO).

Many refineries operate a single reactor for fluid catalytic
cracking of gas oil or residue. In some situations, refineries
may employ an FCCU possessing two reactors working in
simultaneous operation. In such units the streams of spent
catalyst from two reactors are mixed in the same rectification
section having a single regenerator to burn off coke deposited
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on the catalyst. In addition such reactors may function in an
independent manner with respectively different types of
charge and differing reaction temperatures. The reaction
severity applied to each reactor may be totally different, mak-
ing it possible to adjust them to preestablished operational
objectives. In this manner it is possible to carry out the pro-
cessing of the organic acids under milder conditions, at tem-
peratures between 250° C. and 490° C., for the production of
diesel oil having a cetane number exceeding 40, while simul-
taneously carrying out the processing of conventional heavy
gas oils or residues under more severe conditions, employing
a single catalyst flow for both processes.

Exemplary Processes

In one embodiment the process for extracting a kerogen-
based product from a subsurface shale formation comprises
providing a fluid comprising at least one ionic metal to the
subsurface shale formation comprising kerogen in an inor-
ganic matrix. In this embodiment, the fluid is ethanol and the
ionic metal is selected from the group consisting of Ni**,
Ni'*, Mo**, Cu?*, Cu?*, Fe*, Fe®*, and mixtures thereof. In
certain instances, the ionic metal is Ni*>*. The ionic metal is
contacted with a reducing agent to form a metal particulate
catalyst. In this embodiment, the reducing agent is hydrogen,
hydrazine, or mixtures thereof. In certain instances, the
hydrazine is formed in situ in the subsurface shale formation
from hydrogen peroxide and ammonia. The kerogen is con-
verted by contacting the kerogen with the metal particulate
catalyst to form a mobile kerogen-based product. At least a
portion of the mobile kerogen-based product is recovered by
pumping. The mobile kerogen-based product is then
upgraded at surface facilities to produce commercial prod-
ucts.

In another embodiment the process for extracting a kero-
gen-based product from a subsurface shale formation com-
prises providing a fluid comprising at least one ionic metal to
the subsurface shale formation comprising kerogen in an
inorganic matrix. In this embodiment, the fluid is ethanol and
the ionic metal is selected from the group consisting of Ni**,
Ni'*, Mo**, Cu?*, Cu?*, Fe*, Fe®*, and mixtures thereof. In
certain instances, the ionic metal is Ni*>*. The ionic metal is
contacted with a first reducing agent to form a metal particu-
late catalyst. The kerogen is converted by contacting the
kerogen with the metal particulate catalyst in the presence of
a second reducing agent to form a mobile kerogen-based
product. The first reducing agent is hydrogen, hydrazine, or
mixtures thereof and the second reducing agent is hydrogen,
hydrazine, a hydrogen donor solvent or mixtures thereof. At
least a portion of the mobile kerogen-based product is recov-
ered by pumping. The mobile kerogen-based product is then
upgraded at surface facilities to produce commercial prod-
ucts.

In a further embodiment the process for extracting a kero-
gen-based product from a subsurface shale formation com-
prises extracting extractible organics from the subsurface
shale formation. In this embodiment the extractible organics
can be extracted with 2-methyl tetrahydrofuran. The kerogen
is then oxidized to activate the kerogen surface, create addi-
tional accessible surface area in the kerogen, and/or create
coordination sites on the kerogen for enhanced metal depo-
sition. In this embodiment, hydrogen peroxide can be used as
the oxidizing agent. A fluid comprising at least one ionic
metal is then provided to the subsurface shale formation
comprising kerogen in an inorganic matrix. In this embodi-
ment, the fluid is ethanol and the ionic metal is selected from
the group consisting of Ni**, Ni'*, Mo**, Cu**, Cu**, Fe**,
Fe**, and mixtures thereof. In certain instances, the ionic
metal is Ni**. The ionic metal is contacted with a reducing
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agent to form a metal particulate catalyst. In this embodiment,
the reducing agent is hydrogen, hydrazine, or mixtures
thereof. In certain instances, the hydrazine is formed on site at
a surface facility or in situ in the subsurface shale formation
from hydrogen peroxide and ammonia. Advantageously
residual hydrogen peroxide from the oxidation pretreatment
may be used in forming the hydrazine. The kerogen is con-
verted by contacting the kerogen with the metal particulate
catalyst to form a mobile kerogen-based product. At least a
portion of the mobile kerogen-based product is recovered by
pumping. The mobile kerogen-based product is then
upgraded at surface facilities to produce commercial prod-
ucts.

In an exemplary process illustrated in the FIGURE, a fluid
comprising at least one ionic metal is prepared in a prepara-
tion step 10 by mixing at least one ionic metal 2 with a carrier
fluid 4, which may be aqueous or an alcohol. Mixing devices
for mixing the ionic metal with the carrier fluid to make the
fluid mixture 15 to be provided to the subsurface shale for-
mation are well known.

The fluid mixture 15 is passed to the kerogen in the sub-
surface shale formation in step 20 via a first (e.g., injection)
well that has been drilled to penetrate the subsurface forma-
tion to provide access to the kerogen within the formation.

A fluid comprising a reducing agent 6 is also prepared in a
preparation step 12 by mixing a reducing agent 6 with a
carrier fluid 8, which may be aqueous or alcohol and may be
the same or different from the carrier fluid mixed with the
ionic metal. Mixing devices for mixing the reducing agent
with the carrier fluid to make the fluid mixture 14 are well
known to those or ordinary skill in the art. Two different
mixing devices (as illustrated) may be used for preparing the
two fluids 14 and 15 or the same mixing device may be used.

The fluids 14 and 15 are passed to the subsurface shale
formation by step 20 via a first (e.g., injection) well. Two
different injection wells may be used or the same injection
well (as illustrated) may be used. The fluids combine with a
fluid already present in the subsurface shale formation to form
a formation fluid 25, in contact with the kerogen. In one
embodiment, the subsurface shale formation has been frac-
tured to enhance the permeability of the shale to the oxidant
and to increase the accessibility of the kerogen component to
this fluid.

In step 30 the reducing agent is contacted with the ionic
metal to form a metal particulate catalyst 35. In step 40 the
metal particulate catalyst is contacted with the kerogen and
converts the kerogen to produce a mobile kerogen-based
product 45. In step 40 the reducing agent can also react
directly with the kerogen. The mobile kerogen-based product
is produced to the surface in step 50. In one embodiment,
multiple fluid batches comprising ionic metal, and optionally
multiple fluid batches comprising reducing agent, are pro-
vided to the subsurface shale formation, prior to recovery of
the mobile kerogen-based product. The timing of each fluid
addition depends, at least in part, on the progress of the
kerogen conversion, and on the relative reactivity of the metal
particulate catalyst in contact with the kerogen.

The mobile kerogen-based product produced at the surface
is treated in step 60 for isolation and recovery of the hydro-
carbons 65. In the illustrative process shown in FIG. 1, the
hydrocarbons 65 isolated in step 60 are subjected to further
processing or upgrading in step 70. A commercial product 75
is produced from the further processing or upgrading.
Variations

A variation (i.e., alternate embodiment) on the above-de-
scribed process is the application of some or part of such
above-described methods to alternative sources, i.e., low-
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permeability hydrocarbon-bearing (e.g., oil and gas) forma-
tions, in situ coal, in situ heavy oil, in situ oil sands, and the
like. General applicability of at least some of the above-
described invention embodiments to any hydrocarbon-bear-
ing formation exists. Surface processing applications may
include upgrading of oil shale, coal, heavy oil, oil sands, and
other conventional oils with asphaltenes, sulfur, nitrogen, etc.

Various modifications and alterations of this invention will
become apparent to those skilled in the art without departing
from the scope and spirit of the invention. Other objects and
advantages will become apparent to those skilled in the art
from a review of the preceding description.

The invention claimed is:

1. A process for extracting a kerogen-based product from a
subsurface shale formation comprising kerogen in an inor-
ganic matrix, the process comprising the steps of:

a) providing a fluid comprising an ionic metal, a complexed
ionic metal, or an encapsulated ionic metal to the sub-
surface shale formation comprising kerogen in an inor-
ganic matrix;

b) providing a reducing agent to the subsurface shale for-
mation, wherein the reducing agent reacts with the ionic
metal, complexed ionic metal, or encapsulated ionic
metal to form a metal particulate catalyst in situ in the
formation;
wherein at least 50 wt. % of the metal particulate catalyst

is in clusters having fewer than 100 metal atoms;

¢) converting the kerogen by contacting the kerogen with
the metal particulate catalyst formed from the metal;

d) forming a mobile kerogen-based product; and

e) recovering at least a portion of the mobile kerogen-based
product;

wherein the contacting of the kerogen with the metal par-
ticulate catalyst in step ¢) is performed without supply-
ing added heat to the formation; and the metal in the fluid
is an ionic metal, a complexed ionic metal, or an encap-
sulated ionic metal.

2. The process of claim 1, further comprising converting
the kerogen by reaction of the kerogen with the metal particu-
late catalyst in the presence of the reducing agent to form the
mobile kerogen-based product.

3. A process for extracting a kerogen-based product from a
subsurface shale formation comprising kerogen in an inor-
ganic matrix, the process comprising the steps of:

a) providing a fluid comprising at least one ionic metal to
the subsurface shale formation comprising kerogen in an
inorganic matrix;

b) contacting the ionic metal with a reducing agent to form
a metal particulate catalyst in situ in the formation;
wherein at least 50 wt. % of the metal particulate catalyst

is in clusters having fewer than 100 metal atoms;

¢) converting the kerogen by contacting the kerogen with
the metal particulate catalyst to form a mobile kerogen-
based product; and

d)recovering at least a portion of the mobile kerogen-based
product;

wherein the contacting of the kerogen with the metal par-
ticulate catalyst in step ¢) is performed without supply-
ing added heat to the formation.

4. A process for extracting a kerogen-based product from a
subsurface shale formation comprising kerogen in an inor-
ganic matrix, the process comprising the steps of:

a) providing a fluid comprising at least one ionic metal to
the subsurface shale formation comprising kerogen in an
inorganic matrix;

b) contacting the ionic metal with a first reducing agent to
form a metal particulate catalyst in situ in the formation;
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wherein at least 50 wt. % of'the metal particulate catalyst
is in clusters having fewer than 100 metal atoms;

¢) converting the kerogen by contacting the kerogen with

the metal particulate catalyst in the presence of a second
reducing agent to form a mobile kerogen-based product;
and

d) recovering at least a portion of the mobile kerogen-based

product;

wherein the contacting of the kerogen with the metal par-

ticulate catalyst in step c¢) is performed without supply-
ing added heat to the formation.

5. The process of claim 4, wherein the first reducing agent
is selected from the group consisting of hydrazine, hydrogen,
NaBH,, and mixtures thereof and the second reducing agent
is selected from the group consisting of hydrazine, hydrogen,
a hydrogen donor solvent, and mixtures thereof.

6. The process of claim 3, further comprising the step of
increasing accessibility of the kerogen to the fluid and ionic
metal prior to providing the fluid to the subsurface shale
formation.

7. The process of claim 6, wherein the increasing accessi-
bility is performed by hydraulic fracturing, thermal fractur-
ing, explosive fracturing, or combinations thereof.

8. The process of claim 3, further comprising the step of
preconditioning the kerogen in the shale formation prior to
providing the fluid to the subsurface shale formation.

9. The process of claim 8, wherein the preconditioning is a
process selected from the group consisting of acidifying the
inorganic matrix, extracting the extractible organics, oxidiz-
ing the kerogen, removing water from the formation, circu-
lating a solvent to swell the kerogen, and combinations
thereof.

10. The process of claim 9, wherein the preconditioning
comprises acidifying the inorganic matrix.

11. The process of claim 10, wherein the inorganic matrix
is acidified by contacting it with inorganic acids, organic
acids, CO,, CO, at supercritical conditions, or mixtures
thereof.

12. The process of claim 9, wherein the preconditioning
comprises extracting extractible organics from the subsurface
shale formation.

13. The process of claim 12, wherein the extractible organ-
ics are extracted from the subsurface shale formation using a
solvent selected from the group consisting of 2-methyl tet-
rahydrofuran, methanol, ethanol, acetone, cyclopentyl
methyl ether (CPME), ethyl lactate, dibasic esters (DBE),
propylene carbonate, dimethyl carbonate, CO,, CO, at super-
critical conditions, and mixtures thereof.

14. The process of claim 9, wherein the preconditioning
comprises contacting the kerogen with a swelling agent.

15. The process of claim 14, wherein the swelling agent is
selected from the group consisting of CO,, CO, at supercriti-
cal conditions, ethanol, acetonitrile, 2-propanol, dimethyl
sulfoxide, methanol, and mixtures thereof.

16. The process of claim 8, wherein the preconditioning
comprises removing water from the formation prior to pro-
viding the fluid to the subsurface shale formation.

17. The process of claim 16, wherein the water is removed
by circulating liquids and/or gases through the formation.

18. The process of claim 17, wherein the liquids and/or
gases circulated are selected from the group consisting of
ethanol, CO, at supercritical conditions, CO,, or mixtures
thereof.

19. The process of claim 8, wherein the preconditioning
comprises oxidizing the kerogen.

20. The process of claim 19, wherein the oxidizing is
performed by contacting the kerogen with an oxidizing agent
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selected from the group consisting of H,O,, O,, ozone, ben-
zoyl peroxide, permanganates, persulfates, hypochlorite,
nitrous oxide, and mixtures thereof.

21. The process of claim 19, wherein the oxidizing is
performed at a temperature of in the range of between 20° C.
and 150° C.

22. The process of claim 3, wherein the metal is a transition
metal.

23. The process of claim 3, wherein the metal is one or
more metal selected from the group consisting of Cr, Mo, W,
Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag and Au.

24. The process of claim 3, wherein the metal is selected
from the group consisting of Ni, Fe, Cu, Co, Mo, Ag, Pt, Au,
and mixtures thereof.

25. The process of claim 24, wherein the metal is selected
from the group consisting of Ni**, Ni'*, Mo*, Cu*, Cu**,
Fe?*, Fe**, and mixtures thereof.

26. The process of claim 25, wherein the ionic metal is
Ni**,

27. The process of claim 3, wherein the ionic metal is
deposited on the kerogen.

28. The process of claim 3, wherein the metal particulate
catalyst is deposited on the kerogen.

29. The process of claim 3, wherein the fluid is selected
from the group consisting of water, ethanol, acetonitrile,
2-propanol, dimethyl sulfoxide, methanol, and mixtures
thereof.

30. The process of claim 3, wherein the reducing agent is
selected from the group consisting of hydrogen, hydrazine,
sodium borohydride (NaBH,), a hydrogen donor solvent, and
mixtures thereof.

31. The process of claim 30, wherein the reducing agent is
hydrazine formed in the subsurface shale formation from
hydrogen peroxide and NH,.

32. The process of claim 30, wherein the hydrogen donor
solvent is selected from the group consisting of decalin, tetra-
lin, tetrahydroborate, and mixtures thereof.

33. The process of claim 3, wherein at least 50 wt. % of'the
metal particulate catalyst is in clusters having fewer than 20
metal atoms.

34. The process of claim 3, wherein at least 50 wt. % ofthe
metal particulate catalyst is in clusters having 10 to 20 metal
atoms or fewer.

35. The process of claim 3, further comprising recovering
the mobile kerogen-based product using an extraction fluid
selected from the group consisting of ethanol, acetonitrile,
2-propanol, dimethyl sulfoxide, methanol, and mixtures
thereof.

36. The process of claim 3, further comprising recovering
the mobile kerogen based product by pumping.

37. The process of claim 35, further comprising upgrading
the mobile kerogen-based product at surface facilities.

38. A process for extracting a kerogen-based produce from
a subsurface shale formation comprising kerogen in an inor-
ganic matrix, the process comprising the steps of:

a) extracting extractible organics from the subsurface shale

formation comprising kerogen in an inorganic matrix;

b) oxidizing the kerogen in the subsurface shale formation;

¢) providing a fluid comprising at least one ionic metal to

the subsurface shale formation comprising kerogen in an
inorganic matrix;

d) contacting the ionic metal with a reducing agent to form

a metal particulate catalyst in situ in the formation;
wherein at least 50 wt. % of the metal particulate catalyst
is in clusters having fewer than 100 metal atoms;
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e) converting the kerogen by contacting the kerogen with
the metal particulate catalyst to form a mobile kerogen-
based product; and

) recovering at least a portion of the mobile kerogen-based
product;

wherein the contacting of the kerogen with the metal par-
ticulate catalyst in step e) is performed without supply-
ing added heat to the formation.

39. The process of claim 38, wherein the extractible organ-
ics are extracted from the subsurface shale formation by
contacting with a solvent selected from the group consisting
of 2-methyl tetrahydrofuran, methanol, ethanol, acetone,
cyclopentyl methyl ether (CPME), ethyl lactate, dibasic
esters (DBE), propylene carbonate, dimethyl carbonate, CO,,
CO, at supercritical conditions, and mixtures thereof.

40. The process of claim 38, wherein the oxidizing is
performed by contacting the kerogen with an oxidizing agent
selected from the group consisting of H,O,, O,, ozone, ben-
zoyl peroxide, permanganates, persulfates, hypochlorite,
nitrous oxide, and mixtures thereof.

41. The process of claim 38, wherein the ionic metal is Ni**
and the fluid is ethanol.

42. The process of claim 41, wherein the ionic metal is
deposited on the kerogen.
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43. The process of claim 38, further comprising recovering
the mobile kerogen-based product using an extraction fluid
selected from the group consisting of ethanol, acetonitrile,
2-propanol, dimethyl sulfoxide, methanol, and mixtures
thereof.

44. The process of claim 38, further comprising recovering
the mobile kerogen based product by pumping.

45. The process of claim 43, further comprising upgrading
the mobile kerogen-based product at surface facilities.

46. The process of claim 1, wherein the metal is a transition
metal.

47. The process of claim 4, wherein the metal is a transition
metal.

48. The process of claim 1, wherein the reducing agent is
selected from the group consisting of hydrogen, hydrazine,
sodium borohydride (NaBH,), a hydrogen donor solvent, and
mixtures thereof.

49. The process of claim 36, further comprising upgrading
the mobile kerogen-based product at surface facilities.

50. The process of claim 44, further comprising upgrading
the mobile kerogen-based product at surface facilities.
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